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I give a brief overview over various attempts to reconcile the LSND evidence for oscillations 
with all other global neutrino data, including the results from MiniBooNE. I discuss the 
status of oscillation schemes with one or more sterile neutrinos and comment on various 
exotic proposals. 



1 Introduction 

Reconciling the LSND evidence^ for i/„ — > v e oscillations with the global neutrino data reporting 
evidence and bounds on oscillations remain s a long-standing problem for neutrino phenomenol- 
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ogy. Recently the MiniBooNE experiments^ added more information to this question. This 



experiment searches for Vn 



appearance with a very similar L/E u range as LSND. No evi- 



dence for flavour transitions is found in the energy range where a signal from LSND oscillations 
is expected (E > 475 MeV), whereas an event excess is observed below 475 MeV at a signifi- 
cance of 3d. Two- flavour oscillations cannot account for such an excess and currently the origin 
of this excess is under investigational, see also^. MiniBooNE results are inconsistent with a 
two-neutrino oscillation interpretation of LSND at 98% CL^, see also^. The exclusion contour 
from MiniBooNE is shown in Fig. Q] (left) in comparison to the LSND allowed region and the 
previous bound from the KARMEN experiment 1 ^, all in the framework of 2-flavour oscillations. 



2 Sterile neutrino oscillations 



The standard "solution" to the LSND problem is to introduce one or more sterile neutrinos at 
the eV scale in order to provide the required mass-squared difference to accommodate the LSND 
signal in addition to "solar" and "atmospheric" oscillations. However, in such schemes there 
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Figure 1: Left: Two-neutrino exclusion contours at 90% C.L. (2 d.o.f.) for MiniBooNE and KARMEN compared 
to the LSND allowed region at 90% and 99% C.L. For all three experiments the same A\ 2 cut has been used 
to define the 90% C.L. region. Right: Constraint on the LSND mixing angle in (3+1) schemes from no-evidence 
appearance and disappearance experiments (NEV) at 90% and 99% C.L. The shaded region corresponds to the 

allowed region from LSND decay-at-rest data. 



is sever tension between the LSND signal and short-baseline disappearance experiments, most 
importantly Buge yd and CD-rf, with some contribution also from atmospheric neutrino data^. 
I report here the results from a global analysis including MiniBooNE data within schemes with 
one, two and three sterile neutrinos^! 

Four-neutrino oscillations within so-called (3+1) schemes have been only marginally allowed 
before the recent MiniBooNE results^^^HSl^ anc i become even more disfavored with the new 
data. We find that the LSND signal is disfavoured by all other null-result short-baseline ap- 
pearance and disappearance experiments (including MiniBooNE) at the level of 4<r The 
corresponding upper bound on the effective LSND mixing angle is shown in Fig. Q] (right). 
Five-neutrino oscillations in (3+2) schemes^! allow for the possibility of CP violation in short- 
baseline oscillations ^1 Using the fact that in LSND the signal is in anti- neutrinos, whereas 
present MiniBooNE data is based on neutrinos, these two experiments become fully compatible 
in (3+2) schemes^! Moreover, in principle there is enough freedom to obtain the low energy ex- 
cess in MiniBooNE and being consistent at the same time with the null-result in the high energy 
part as well as with the LSND signal, see Fig. [2] (left, red histogram). However, in the global 
analysis the tension between appearance and disappearance experiments remains unexplained. 
This problem is illustrated in Fig. [2] (right) where sections through the allowed regions in the 
parameter space for appearance and disappearance experiments are shown. An opposite trend 
is clearly visible: while appearance data require non-zero values for the mixing of v e and f M with 
the eV-scale mass states 4 and 5 in order to explain LSND, disappearance data provide an upper 
bound on this mixing. The allowed regions touch each other at Ax 2 = 9.3, and a consistency 
test between these two data samples yields a probability of only 0.18%, i.e., these models can be 
considered as disfavoured at the 3a level^H Also, because of the constraint from disappearance 
experiments the low energy excess in MiniBooNE can not be explained in the global analysis, 
see Fig. [2] (left, blue histogram). Furthermore, when moving from 4 neutrinos to 5 neutrinos the 
fit improves only by 6.1 units in x 2 by introducing 4 more parameters, showing that in (3+2) 
schemes the tension in the fit remains a sever problem. This is even true in the case of three 
sterile neutrinos, since adding one more neutrino to (3+2) cannot improve the situational. 
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Figure 2: Left: Best fit spectra in (3+2) oscillations for MiniBooNE using appearance data only (MB, LSND, 
KARMEN, NOMAD) as well as in the global fit. Right: Section of the 4-dimensional volumes allowed at 95% and 
99% CL in the (3+2) scheme from SBL appearance and disappearance experiments in the space of the parameters 
in common to these two data sets. The values of Am^ and Am§r of the displayed sections correspond to the 
point in parameter space where the two allowed regions touch each other (at a Ay 2 = 9.3). 



3 Exotic proposals 

Triggered by these problems many ideas have been presented in order to expl ain LS ND, some 
of them inv olving very s peculative physics, among them sterile neutrino decay ^^H vio lation 
of the CPT HZ) 12 | 18 | 19 ] ana y or Lorentzl^ni symmetries, quantum decoherence 12JJ 22 | 23 | mass _ 

varying neutrinos ^31, short-cuts of sterile neutrinos in extra dimensions ^51, a non-standard 
energ y d ependence of sterile neutrinos or sterile neutrinos interacting with a new gauge 
boson^22l. In the following I comment on a personal selection of these exotic proposals, without 
the ambition of being complete. 

CPT violation. Triggered by the observation that the LSND signal is in anti-neutrinos, 
whereas their neutrino data is consistent with no oscillations, it was proposed^! that neutrinos 
and anti-neutrinos have different masses and mixing angles, which violates the CPT symmetry. 
A first challenge to this idea has been the KamLAND reactor results, which require a Am 2 at the 
solar scale for anti-neutrinos. Subsequently it has been shown that the oscillation signature in 
SuperK atmospheric neutrino data (which cannot distinguish between v and v events)_is strong 
enough to require a Am 2 ~ 2.5 • 10~ 3 eV 2 for neutrinos as well as for anti-neutrinos^^, see^Sl 
for an update. This rules out such an explanation of the LSND signal with three neutrinos at 
4.6a. However, introducing a sterile neutrino, and allowing for different masses and mixings for 
neutrinos and anti-neutrinos^^ is fully consistent with all data, including the MiniBooNE null- 
result in neutrinos. Such a model should lead to a positive signal in the MiniBooNE anti-neutrino 
run. 

Sterile neutrino decay. Pre-MiniBooNE data can be fitted under the hypothesis of a 
sterile neutrino, which is produced in pion and muon decays because of a small mixing with 
muon neutrinos, |E/«4| — 0.04, and then decays into an invisible scalar particle and a light 
neutrino, predominantly of the electron type. One needs values of gm^ ~ few eV, g being the 
neutrino-scalar coupling and 1714 the heavy neutrino mass, e.g. 7714 in the range from 1 keV to 
1 MeV and g ~ 10 -6 -10 -3 . This minimal model is in conflict with the null-result of MiniBooNE. 
It is possible to save this idea by introducing a second sterile neutrino, such that the two heavy 
neutrinos are very degenerate in mass. If the mass difference is comparable to the decay width, 




Figure 3: Left: Bounds from disappearance experiments and MiniBooNE compared to the LSND region for (3+1) 
oscillations when the sterile neutrino mass depends on energy as m\{E v ) oc E~°' s . Right: Quantum decoherence 
in three-active neutrino oscillations. Lines correspond to 99% CL regions of individual experiments, shaded regions 
show the 90% and 99% CL region of the global analysis, and the star marks the best fit point. The parameter \i 
is defined by parameterizing the decoherence parameter 7 as 7 = / E v (40 MeV / E v ) 3 . 



CP violation can be introduced in the decay, and the null-result of MiniBooNE can be reconciled 
with the LSND signal^. 



Sterile neutrinos with an exotic energy dependence. Short-baseline data can be divided into 
low-energy (few MeV) reactor experiments, LSND and KARMEN around 40 MeV, and the 
high-energy (GeV range) experiments CDHS, MiniBooNE, NOMAD. Based on this observation 
it turns out that the problems of the fit in (3+1) schemes can be significantly alleviated if one 
assumes that the mass or the mixing of the sterile neutrino depend on its energy in an exotic 
wa y[26| p or example, assuming that m\(E v ) oc E~ T one finds that for r > the MiniBooNE 
exclusion curve is shifted to larger values of Am 2 , whereas the bound from disappearance ex- 
periments is moved towards larger values of the mixing angle, and hence the various data sets 
become consistent with LSND, compare Fig. [3] (left). At the best fit point with r ~ 0.3 the global 
fit improves by 12.7 units in \ 2 with respect to the standard (3+1) fit. Similar improvement 
can be obtained if energy dependent mixing of the sterile neutrino is assume dP 

Let us note that this is a purely phenomenological observation, and it seems difficult to 
construct explicit models for such sterile neutrinos. There are models which effectively introduce 
a non-standard "matter effect" for sterile neutrinos, e.g. via exotic extra dimensions'^ or via 
postulating a new gauge interaction of the sterile neutrinos'^. Similar as in the usual MSW case, 
the sterile neutrino encounters effective mass and mixing which depend on energy. However, in 
these approaches the matter effect felt by the sterile state has to be some orders of magnitude 
larger than the standard weak-force matter effect of active neutrinos, in order to be relevant for 
short-baseline experiments. In such a case, in general very large effects are expected for long- 
baseline experiments such as MINOS, atmospheric neutrinos, or KamLAND. Unfortunately an 
explicit demonstration that a successful description of all these data can be maintained in such 
models is still lacking. 



Quantum decoherence. The possibility that the origin of the LS ND signal might be quantum 
decoherence in neutrino oscillations has been considered i n EU22l23| effects can be induced 

by interactions with a stochastic environment; a possible source for this kind of effect mi ght be 
quantum gravity. The attempts to explain the LSND signal by quantum decoherence inj2H221 



seem to be in conflict with present data. Both of these models are ruled out by the bound from 
NuTeV, P„ M _>^, Pp M _> Pe < 5 x 10" 4 (90% C.L.)^. Furthermore, the model of 21 (where in 
addition to decoherence, CPT-violation is also introduced which results in a difference between 
the oscillation probabilities for neutrinos and anti-neutrinos) cannot account for the spectral 
distortion in the anti-neutrino signal observed by KamLAND, whereas the scenario of^21 i§ 
disfavored by the absence of a signal in KARMEN, NOMAD and MiniBooNE. 

Recently we have revisited this idea^3 by introducing a different set of decoherence parame- 
ters. We assume that only the neutrino mass state z/3 is affected by decoherence, whereas the 1-2 
sector is completely unaffected, guaranteeing the standard explanation of solar and KamLAND 
data. Hence, denoting as 7$,- the parameter which controls the decohering of the mass states Vi 
and Uj, we have 712 = and 713 = 723 = 7, where we have assumed that decoherence effects 
are diagonal in the mass basis. Furthermore, we assume that decoherence effects are suppressed 
for increasing neutrino energies, oc E~ r with r ~ 4. This makes sure that at short-baseline 
experiments with E u > 1 GeV such as MiniBooNE, CDHS, NOMAD, and NuTeV no signal is 
predicted, and at the same time maintains standard oscillations for atmospheric data and MI- 
NOS. In this way a satisfactory fit to the global data is obtained. Disappearance and appearance 
data become fully compatible with a probability of 74%, compared to 0.2% in the case of (3+2) 
oscillations. The LSND signal is linked to the mixing angle #13, see Fig. fright) and hence, this 
scenario can be tested at upcoming #13 searches: while the comparison of near and far detector 
measurements at reactors should lead to a null-result because of strong damping at low energies, 
a positive signal for #13 is expected in long-baseline accelerator experiments. 



4 Outlook 

Currently MiniBooNE is taking data with anti-neutrinosP This measurement is of crucial im- 
portance to test scenarios involving CP (such as (3+2) oscillations) or even CPT violation to 
reconcile LSND and present MiniBooNE data. Therefore, despite the reduced flux and detec- 
tion cross section of anti-neutrinos the hope is that enough data will be accumulated in order 
to achieve good sensitivity in the anti-neutrino mode. Furthermore, it is of high importance to 
settle the origin of the low energy excess in MiniBooNE. If this effect persists and does not find 
an "experimental" explanation such as an over-looked background, an explanation in terms of 
"new physics" seems to be extremely difficult. To the best of my knowledge, so-far no convincing 
model able to account for the sharp rise with energy while being consistent with global data has 
been provided yet. 

The main goal of upcoming oscillation experiments like Double-Chooz, Daya Bay, T2K, 
NOi^A is the search for the mixing angle #13, with typical sensitivities or^sin 2 29\^ > 1%. This 
should be compared to the size of the appearance probability observed in LSND: Plsnd ~ 0.26%. 
Hence, if #13 is large enough to be found in those experiments sterile neutrinos may introduce 
some sub-leading effect, but their presence cannot be confused with a non-zero #13. Nevertheless, 
I argue that it could be worth to look for sterile neutrino effects in the next generation of 
experiments. They would introduce (mostly energy averaged) effects, which could be visible as 
disappearance signals in the near detectors of these experiments. This has been discussed'^ for 
the Double-Chooz experiment, but also the near detectors at superbeam experiments should be 
explored. An interesting effect of (3+2) schemes has been pointed out recently for high energy 
atmospheric neutrinos in neutrino telescoped^. The crucial observation is that for Am 2 ~ 1 eV 2 
the MSW resonance occurs around TeV energies, which leads to large effects for atmospheric 
neutrinos in this energy range, potentially observable at neutrino telescopes. Another method to 
test sterile neutrino oscillations would be to put a radioactive source inside a detector with good 
spatial resolution, which would allow to observe the oscillation pattern within the detector^^S. 
I stress that in a given exotic scenario such as the examples discussed in sec. [3] signatures in 



up-coming experiments might be different than for "conventional" sterile neutrino oscillations. 

For the subsequent generation of oscillation experiments aiming at sub-percent level preci- 
sion to test CP v iolatio n and the neutrino mass hierarchy, the question of LSND sterile neutrinos 
is highly relevant^ES They will lead to a miss-interpretation or (in the best case) to an incon- 
sistency in the results. If eV scale steriles exist with mixing relevant for LSND the optimization 
in terms of baseline and E v of high precision experiments has to be significantly changed. There- 
fore, I argue that it is important to settle this question at high significance before decisions on 
high precision oscillation facilities are taken. 
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